The experimental study herein presented was conducted aiming to evaluate the influence of nanosilica (nS) addition on properties of ultra-high performance concrete (UHPC). Thermo gravimetric analysis results indicated that nS consumes much more Ca(OH) 2 as compared to silica fume, specifically at the early ages. Mercury intrusion porosimetry measurements proved that the addition of nS particles leads to reduction of capillary pores. Scanning electron microscope observation revealed that the inclusion of nS can also efficiently improve the interfacial transition zone between the aggregates and the binding paste. The addition of nS also resulted in an enhancement in compressive strength as well as in transport properties of UHPC. The optimum amount of cement replacement by nS in cement paste to achieve the best performance was 3 wt.%. However, the improper dispersion of nS was found as a deterrent factor to introduce higher percentage of nS into the cement paste.
Introduction
Ultra-high performance concrete (UHPC) is one of the most promising types of concrete, which has been developed in the last decade [1] [2] [3] . This innovative high-tech material is characterized by a dense microstructure, which presents both ultra-high compressive strength and ultra-high durability [4] [5] . The main composition of UHPC contains a large amount of cement, usually between 800 and 1100 kg/m 3 , which is around three to four times more than the quantity of cement in normal concrete [5] . Therefore, the blending of cement with high pozzolanic fine materials, such as nanosilica (nS), can be a suitable option to reduce the high volume of cement in the UHPC proportioning.
Nevertheless, the efficiency of UHPC is particularly dependent on its density. In fact, by optimizing the particle packing, an ultra-high consolidation of the concrete matrix can be reached. This can be obtained through an almost 'perfect' grain size distribution, by incorporating a homogeneous gradient of fine and coarse particles in the mixture. In this scope, the use of nS as pozzolanic addition is highly effective. Actually, due to its extremely small size particles, nS can fill the voids between cement and silica fume particles, leading to higher packing level (''filler'' effect) and also generating a denser binding matrix, with more calcium silicate hydrate (C-S-H). Consequently, a significant improvement on both durability and mechanical properties is obtained. Li et al. [6] showed that both the compressive and flexural strengths of concrete can be enhanced by incorporating nS. A concrete with addition of silica fume, fly ash and nS was also studied by Collepardi et al. [7] . It was concluded that concrete with this ternary combination has a better performance, in terms of both strength and durability, than those just with fly ash, but similar to those just with silica fume. Li [8] also found that an addition of nS results an increase in both early-age strength and long-term strength. Aly et al. [9] reported that incorporation of a hybrid combination of colloidal nS and waste glass into the cement mortars led to an enhancement of the mechanical properties in comparison with plain mortar.
Additionally, it has been proved that the incorporation nS also improves the durability properties of concrete. He and Shi [10] studied the chloride permeability and microstructure of Portland cement mortar with different types of nano-materials. This study confirmed that an addition of nS and nano-clay significantly improves the chloride penetration resistance as well as the general ionic permeability of cementitious mortar. An experimental study performed by Ji [11] showed that the addition of nano-SiO 2 to the mixture improves the water permeability resistance of concrete.
Moreover, well-dispersed nano-particles act as centers of crystallization of cement hydrates, therefore accelerating the hydration [12] . Qing et al. [13] nano-SiO 2 is much higher than that of silica fume. It was found that the bond strength of the paste-to-aggregate interface, incorporating nS, is higher than that of specimens with silica fume. A research also showed that the pozzolanic activity of fly ash significantly increases after incorporating nS [8] .
There are several studies on incorporation of nS in concrete proportioning but most of them have focused on using SiO2 nanoparticles on mixtures with high values of water/cement ratio [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The present study aims to give a contribution in this field. In this scope, the pozzolanic activity of nS in UHPC mixture with very low water/cement ratio was studied. Pozzolanic activity of nS in cement pastes was studied as compared with silica fume using conductivity analysis, x-ray diffraction (XRD) and thermo gravimetric analysis (TGA).
Additionally, the mechanical properties of several UHPC mixtures were characterized, namely by measuring the compressive strength. The evaluation of the fluid and gas transport properties of concrete specimens, including the water absorption, capillary water sorption, and gas permeability, was also performed. Mercury intrusion porosimetry (MIP) tests were conducted to characterize the size distribution of capillary pores in the UHPC specimens. Moreover, the microstructures of those were analyzed by scanning electron microscopy (SEM).
Experimental study

Materials and mixtures proportions
Portland cement type I 52.5R was used. An addition of silica fume (SF) presenting a specific area of 18.41 m 2 /g and an addition of nS with an average particle size of 15 nm were adopted. Table 1 shows some physical and chemical properties of cement and silica fume and Table 2 summarizes the properties of nS. The SEM micrographs of nS particles are also presented in Fig. 1 , where it can be seen that nS particles exhibit a spherical shape. The aggregate used was siliceous sand with 0.6 mm of maximum aggregate size. The adopted admixture was a polycarboxylic acid based superplasticizer (SP) with solids content between 28.5 and 31.5 wt.% and density between 1.067 and 1.107 g/cm 3 . In order to study the pozzolanic behavior of nS, three series of cement pastes with a very low water/cement ratio were considered. The cement pastes were designed and produced considering a water/cement ratio of 0.2, in which 3% of cement was replaced by nS and SF. A control paste, containing only cement, was also produced to serve as reference paste. The properties of the cement pastes are shown in Table 3 .
In addition, five series of UHPC mixtures containing different percentages of nS were prepared for this study. An optimized mixture proportion of UHPC, which was obtained through previous studies, was selected to serve as reference mixture [18] [19] [20] . Then, nS was incorporated as cement replacement by 1, 2, 3 and 4 by wt.% of cement. The large difference between the density of nS and silica fume resulted in an increase in the paste volume. The total content of powder was kept constant in volume. In addition, the water/powder ratio was kept constant for all mixtures. Table 4 shows the five series of mixtures, prepared with nS and a reference mixture without nS.
The mixing procedure involved several steps. First, in order to prevent agglomeration and also to promote uniform distribution of very fine particles, all powders and siliceous sand were mixed dry for 5 minutes at low speed. To incorporate dry nS would not have been possible, due to its very low density, causing particles to disperse in the air. Therefore, nS was first dissolved in water, the latter already containing the superplasticizer, and then gradually added to the mixture. After 5 minutes, the mixture became fluid. After mixing, the concrete was poured into the molds and, 24 hours later, it was demoulded. Then, the specimens were cured in water immersion at 20°C until the day of the test.
Experimental test
The experimental program of this study is divided into two main parts: first the pozzolanic activity of nS as compared with SF was studied by different methods; then, the effect of nS on fresh and hardened states and transport properties of UHPC was studied.
Determination of pozzolanic reactivity of nS and SF in cement pastes
Several techniques have been developed to study the pozzolanic activity of the materials but the determination of pozzolanic activity still presents considerable uncertainty being thus a complex problem [21] [22] . In general these techniques can be classified into four main groups: electrical conductivity, quantitative X-ray diffraction analysis (XRD), thermo-gravimetric analysis (TGA) and chemical extraction.
The electrical conductivity method is a fast technique for evaluating the pozzolanic activity of materials. Raask and Bhaskar [23] applied this method for evaluating the pozzolanic activity of fly ash. This method allows the measuring of the amount of silica dissolved in a solution of hydrofluoric acid in which the active material is dispersed. This method requires 10 minutes for obtaining the pozzolanic index. Luxan et al. [24] proposed a faster method and pozzolanic index, given by the variation between the initial and final electrical conductivity of a calcium hydroxide pozzolanic suspension. The reaction between the calcium hydroxide and the pozzolanic material leads to a reduction in the electrical conductivity of the suspension, which can be attributed to the fixation of dissolved calcium hydroxide by pozzolanic particles. Recently, Paya et al. [25] proposed a method for evaluating the pozzolanic activity of fly ash, in which the pozzolanic activity of the material was calculated as the percentage of loss in conductivity at different reaction times (100, 1000 and 10000 s). In the study herein described, a method similar to the one proposed by Paya [25] was used to evaluate the pozzolanic activity of both nS and SF. An unsaturated lime solution was prepared by dissolving 40 mg of Ca(OH) 2 in 50 mL of deionized water. Afterwards, 5 g of pozzolanic material was added to the solution under constant stirring. A digital electrical conductivity and pH meter were used to record the variations in these parameters of the solution with time. In order to obtain the corrected conductivity curve, the procedure was repeated for the pozzolanic material added into 250 mL of deionized water. Finally, for an effective comparison, relative loss in corrected conductivity was calculated as percentage with respect to the initial conductivity value of lime-water solution before addition of pozzolanic material. A higher loss in conductivity is attributable to higher amount of lime fixation by the pozzolanic material.
In order to evaluate the direct pozzolanic activity of nS and SF, a TGA analysis was performed on dried samples. In this study, the progress of the pozzolanic reaction was monitored by measuring the amount of Ca(OH) 2 content at 7, 28 and 90 days of age.
A TA instrument-Q500, equipped with data acquisition, was used for TGA analysis. Specimens which were cured in water and saturated in limewater were heated from 110 to 650°C, at a heating rate of 10°C /min, in an inert N 2 atmosphere. The amount of reacted (consumed) lime was determined by the weight loss measured in the TGA analysis. The pozzolanic reactivity was determined as the ratio of the consumed Ca(OH) 2 to the initial Ca(OH) 2 .
The mineralogical characteristics of the materials were studied by means of XRD. X-ray diffractograms of powdered samples were obtained with a Panalytical (Philips) diffractometer x'pert MPD (in Bragg-Brentano), using Co ka radiation. The data were collected from 4°to 100º, 1 s with step size of 0.025 and 1 s per step.
Fresh and hardened states and transport properties of UHPC
After the mixing was completed, tests were immediately conducted, still on fresh state, to measure the consistency of the UHPC. The consistency of the UHPC was measured using a flow table test, according to ASTM: C1437. In this test, the mini slump cone is filled up, and then removed, allowing the concrete to flow outwards. Once concrete reaches a steady state, the flow table is dropped 20 times in approximately 20 seconds. Again, the concrete mass is allowed to settle, and then its average diameter is measured.
The assessment of axial compressive strength was performed at 7 and 28 days of age, using cubic samples (40 Â 40 Â 40 mm 3 ), in accordance with the standard BS EN 196-1 [26] . The tests were performed on four specimens and the average values were considered.
While concrete is typically specified based on compressive strength and slump, it is well recognized that durability is most influenced by the transport properties of the concrete such as diffusivity, permeability, and sorptivity. The transport properties of concrete are governed by the characteristics of its pore structure [27] . Total porosity, pore size, pore connectivity, and pore saturation are all parameters that influence the transport coefficient [28] . Sorptivity and permeability, the main transport properties considered in this study, are both influenced by pore size and pore connectivity. Different mechanisms of liquid transport in the concrete were evaluated in this study, as described below.
The water sorptivity tests were performed according to the ASTM: C-1585 standard. At 28 days of age, three specimens, with standard dimensions of 100 mm diameter and 5 mm height, were prepared. Afterwards, the concrete specimens were oven dried at 105°C, until a constant mass was achieved, following the drying procedure described in ASTM: C 642-06. The specimens were sealed and placed on the support at the bottom of the board container. The water level was maintained at 1-3 mm above the top of the support device. The schematic diagram of the sorption test is shown in Fig. 2 [29] . The mass increase in the specimens was measured at several times (0, 5, 10, 20, 30, 60, 180, 360, 1440 min); then, the sorptivity coefficient was measured using Eq. (1):
where K [mm/s 1/2 ] is the water sorptivity coefficient, I [mm 3 ] is the total volume of water absorbed and A [cm 2 ] is the area of the specimen surface exposed to water. The initial rate of water absorption (mm/s) is defined as the slope of the line that best fits to I plotted against the square root of time (s 1/2 ). The initial slope of the straight line is taken as the water absorption coefficient.
Mercury intrusion porosimetry (MIP) tests were conducted to characterize the size distribution of capillary pores in the specimens. Mercury intrusion porosimetry (MIP) is widely adopted to characterize the pore size distribution of cement-based composites such as cement paste, mortar and concrete. The test can also provide information about the connectivity of pores. Each pore size is quantitatively determined from the relation between the volume of intruded mercury and the applied pressure [30] . The relation between the estimated pore diameter and applied pressure is generally expressed by the Washburn equation, as in Eq. (2):
where D is the pore diameter (nm), c is the surface tension of mercury (dyne/cm), h is the contact angle (°) between mercury and solid and P is the applied pressure (MPa). The test apparatus used for pore structure measurement was ''Auto Pore III'' mercury porosimeter. Mercury density is 13.5335 g/mL and its surface tension was taken as 485 dyne/cm; the selected contact angle was 130°.
The maximum measuring pressure that can be applied is 200 MPa (30,000 psi), which means that the smallest pore diameter that can be measured reaches approximately 6 nm (on the assumption that all pores have cylindrical shape).
In order to provide the information about the pore size distribution of concrete, MIP test was performed on small-cored samples taken out from the specimens. The samples were then washed with acetone to terminate hydration. Before performing the test, the samples were also oven dried for 48 h to remove moisture of the pores.
The gas permeability stands as a critical material parameter, which characterizes the structure and the durability of concrete. The gas permeability test was performed according to ''Rilem TC 116-PCD: Recommendations'' [31] . For each mixture, three cylinder specimens with 100 mm diameter and 50 mm height were prepared. The cylinder specimens should be brought to the same moisture condition before the gas permeability test can be performed. In this scope, the specimens were stored in a laboratory atmosphere at 20 ± 2°C and RH of 65 ± 5% for a period of 28 days. Specimens were then sealed with cellophane film and introduced into plastic containers, which are then properly sealed to reduce the evaporation of water from the specimen. The schematic experimental set up for measuring the gas permeability of concrete is illustrated in Fig. 3 . This apparatus can be used for measuring values of the gas permeability in the range of 10 À19 to 10 À14 m 2 . The gas permeability coefficient can be determined by Eq. (3) which is based on the Hagen-Poiseuille relation for laminar flow of a compressible fluid through a porous body with small capillaries and under steady-state conditions [32] .
where k is the effective gas permeability coefficient (m 3. Results and discussion
Pozzolanic reactivity of nS and SF in cement pastes
The results analysis of the conductivity of the pozzolan-water suspensions are shown in Fig. 4 . The incorporation of both nS and SF into water resulted in an increase in the suspensions conductivity, due to ions transfer from nS and SF into water. The nS-water suspension gave higher conductivity value than SF-water suspension due to its higher content of water-soluble ions. Fig. 5 shows the relative loss in conductivity of lime-water-pozzolan suspension with time for both SF and nS additions. After adding nS and SF to this solution, the value of conductivity decreased with time, which implies that the concentration of both Ca 2+ and OH À ions decreased with time. The main reason for this reduction can be attributed to the interaction between them and the pozzolanic materials that were added, which finally resulted in lime fixation due to the pozzolanic reactivity. The results indicated that, after 30 minutes only, the value of relative loss in conductivity reached 51% and 20% by adding nS and SF, respectively. As it is shown in Fig. 5 , nS showed a considerably higher reactivity than silica fume at early ages (31%) which can be attributed to relatively higher specific surface areas of nS (Table 2 ) [33] . Although this effect became less significant by approaching the end of the 240-minute testing period, it was observed that in the end the reactivity of nS was 21% higher than SF, which implies a higher pozzolanic reactivity of nS that SF.
The results of XRD of the cement paste with and without nS at 28-days of age are shown in Fig. 6 . The pozzolanic activities of materials were compared based on Ca(OH) 2 consumption which is obtained by the intensity variation of the main diffraction peaks. As it can be seen, the intensity of the crystal faces of Ca(OH) 2 of A2 sample was considerably lower than that of the reference sample (A0). In fact, the intensity of crystal face of A2 and A1 cement paste sample is 65% and 60% lower, respectively than that of A0 sample. The results indicated that nS consumed 10% more Ca(OH) 2 than the paste containing silica fume. Since some amount of Ca(OH) 2 in hardened cement paste is in amorphous form, the amorphous consumption of Ca(OH)2 cannot be well characterized by XRD analysis [34] . As a comparison, it is well-known that TGA analysis gives the most accurate results [35] .
The TGA curves for three different cement pastes of A0, A1 and A2 at 28 days of age are shown in Fig. 7 . The weight loss vs. temperature curve for hardened cement paste, between temperatures of 105-460°C, can be divided into two intervals. The mass loss in the first interval 110-380°C represents the decomposition of the hydration products, and the mass loss from temperature 380°C and 460°C is associated with dehydroxylation of the Ca(OH) 2 [36] . As presented in Fig. 7 , the values of mass loss for the A1 and A2 cement pastes samples are higher than A0 cement paste in the temperature interval of 110-380°C, which is due to the formation of more hydrated C-S-H gel. The highest mass loss value of 6l.18% is observed for the paste containing nS.
For the temperature interval of 380-460°C, it was observed that the incorporation of nS resulted in a decrease in the value of mass loss. The reduction of mass loss value in this interval implied the consumption of Ca(OH) 2 due to higher pozzolanic activity of nS.
The normalized amounts of consumed Ca(OH) 2 in all the hardened cement pastes as a percentage of initially available Ca(OH) 2 are shown in Fig. 8 . The results indicate that after 90 days of curing, the Ca(OH) 2 content in A0 sample increased, whereas in A1 and A2 sample the Ca(OH) 2 content reduced with time. It can also be seen in Fig. 8 that the Ca(OH) 2 contents of A2 and A1 samples at 7 days curing reduced by 73% and 81% respectively, compared to A0 sample, which is increased by 24%. At the end of 28 and 90 days, nS consumed 85% and 89% of the initially available Ca(OH) 2 which was 6% and 5% higher than the consumption amount by SF.
The TGA and XRD results confirmed the pozzolanic activity evaluation results from the electrical conductivity measurements of lime-pozzolan suspensions.
Fresh and hardened state properties
It is usually expected that the higher specific surface area of the nS imply an increase in water demand of concrete mixture, which can somewhat affect the workability. However, Collepardi et al. [37] studied the properties of self-compacting concrete containing nS and found out that the presence of nS makes the mixture more cohesive and reduces bleeding water and segregation, which finally improves the rheological behavior of concrete in fresh state.
The spread on the flow table results are also given in Table 5 . The results apparently showed that there is a considerable decrease in slump flow values when nS (wt.%) is incorporated into the mixture. The addition of nS (wt.%) into the mortars had a significant effect on the water amount required in the mixture.
An incorporation of 1% nS did not cause a significant change in the value of mini slump. However, mixtures with nS = 2 wt.% and nS = 3 wt.% show a reduction of 9 mm and 12 mm, respectively, in the spread diameter in comparison with the reference mixture. A high reduction in spread value (19 mm) was observed by increasing the nS content from 3 to 4 wt.%. In fact, a significant amount of water in the mix was absorbed by nS particles, which finally resulted in a significant decrease in workability. As a consequence, there is no sufficient water available for lubrication allowing particles free movement [38] . The obtained results in this study confirmed the fact that, for a constant volume of powder, the replacement of cement by a fine powder particle with high specific surface area will increase the water demand in order to maintain the workability of the mixture [39] [40] .
The average values of compressive strength at 7, 28 and 90 days are shown, for all the specimens, in Fig. 9 . The error bars indicate the standard deviations on the individual values. It can be seen that the addition of nano-SiO 2 significantly increased the early-age compressive strength.
The addition of 3 (wt.%) nS resulted in a 24% increase at 7 days, which is 40% higher than that observed with the reference mixture. The higher compressive strength is due to faster pozzolanic reactivity of nanoparticles, in the presence of Ca(OH) 2 , making the microstructure denser. Additionally, the incorporation of nS particles can accelerate the hydration process of C 3 S clinker phase due to the large and highly reactive surface of the nanoparticles [41] [42] . However, the results showed that the addition of nS had a modest effect at the age of 28 and 90 days, so that the highest compressive strength was 144 MPa and 148 MPa for M3 specimen, which was only 8% and 6.5% higher than the reference mixture. This behavior confirms the fact that the most part of the pozzolanic reactivity of nS in cement paste is completed at early ages [33, [43] [44] . These results are consistent with the results of TGA and conductivity analysis.
It can be observed that the compressive strength increases with nS particles up to 3 wt.% replacement. However, compressive strength decreased slightly when the replacement level reached 4% wt.%. Thus, a higher replacement of cement by nS did not lead to an improvement in compressive strength, which can be due to improper dispersion of nS particles in the mixture. In fact nS particles, due to their high surface energy, have a pronounced tendency towards agglomeration. The dispersion of nanoparticles within the cement paste is a significant factor governing the performance of these products. When nanoparticles are added in excess to the mixture, these are not uniformly dispersed in the cement paste, and as a consequence week areas appear in the cement mortar due to agglomeration. Therefore, the disagglomeration of nanoparticles is crucial to achieve the composite materials with improved properties [12] . In addition, the amounts of nS in the mixtures can also have been exceeded the quantity required for consuming the Ca(OH) 2 and this excessive amount of silica did not contribute to enhance the compressive strength. The insufficient workability of M4 can represent an extra cause for decreasing the compressive strength since there is no sufficient water available to contribute for lubrication which allows particles free movement.
Microstructure and pore structure
The obtained pore size distribution plot, covering the pore size range from around 400 lm down to 5 nm, is shown in Fig. 10 . It can be seen that all MIP plots of mixtures containing nS stand slightly below the reference mixture (M0), particularly in the range 0.3-40 lm, which corresponds to the capillary pores [38] . In this critical interval, M0 exhibited more cumulative volume of the pores, whereas M3 specimen had the lowest amount of pore volume in the mentioned range. In addition, all the specimens have much more pores ranging from 0.0006 lm to 0.03 lm, which corresponds to the gel pores [45] .
The amount of total pore volume and capillary pores is also presented in Table 5 . Results showed that pore structures of M1, M2, M3 and M4 are finer than those of the reference mixture. It can be observed that by increasing nS content, the volume of capillary pores in specimens always decreases, which shows that the density of concrete is increased and the pore structure is refined. The incorporation of nS into the mixtures led to a decrease in total porosity up to 25.3%, 26.7%, 32.1% and 24.5%, for M1, M2, M3 and M4 specimens, respectively. The results also indicated that M3 sample showed the lowest value of the capillary pores (1.72 vol.%), which was 35% lower than the capillary pores content of M0 mixture. This can be due to the discontinuity of capillary pores by formation of more C-S-H gel.
The microstructures of the specimens were analyzed by scanning electron microscopy (SEM). Fig. 11(a) and (b) shows an overview of the microstructure of M2 and M0 using the same magnification. In general, the analysis of all images did not reveal any substantial differences in the microstructure of all specimens. However, it was found that the amount of capillary pores in M0 specimens was higher than in M3 specimens (see Fig. 11(b) and (c) ). The incorporation of nS led to a further densification in the microstructure and to a concurrent reduction in capillary porosity of concrete mixtures. In comparison with M0 specimens, the microstructure of M3 specimens was very dense and few plated shape calcium hydroxide was observed. It is well known that portlandite, a mineral oxide, has a detrimental effect on bond strength of aggregates-to-paste [11] , which causes a significant reduction in durability and in mechanical properties. Results showed that nS can effectively reduce the amount of portlandite, leading to a denser microstructure of interfacial transition zone (ITZ) between aggregate and paste. Insufficient bond between aggregate and paste was found in M0 specimens (see Fig. 11(c) ), while a perfect binding paste-to-aggregates adhesion in M3 specimens (Fig. 11(d) ) was observed, compared to M0 specimens (Fig. 11(c) ).
Transport properties
The results obtained for water absorption are also presented in Table 5 . The addition of nS was found to be effective in reducing the water absorption. It can be seen that the amount of absorbed water in the samples decreased by increasing the nS content. The addition of nS by 1, 2, 3 and 4 wt.% led to decreases in water absorption in samples by 8.5%, 21%, 33% and 29%, respectively. The results also showed that adding nS to cement paste mixes led to much lower sorptivity coefficient when compared to the reference mixture. In Fig. 12 , the water absorption versus the square root of time is plotted for all mixtures. A nonlinear correlation was obtained for the data between 1 min and 6 h, while a linear correlation was determined for the data between 1 and 7 days. Table 6 presents two different regression equations, determined by leastsquare regression for the time of 6 h before and the time of 24 h after. The initial rate of absorption cannot be determined since the data between 1 min and 6 h do not follow a linear correlation. However, the nonlinear regression plots (Fig. 12 ) along with nonlinear regression equations (Table 6) The achieved results of water absorption and water sorptivity coefficient were in good agreement with capillary porosity values obtained by the MIP test. As sorption of water is mainly through capillary pores [46] , therefore, the lower water absorption and sorptivity coefficient can be due to pore structure refinement and higher concrete compactness.
The gas permeability of three cylindrical specimens of each mix was measured at the same time by the 'cembureau' apparatus. The coefficients of gas permeability were obtained by performing the test with an inlet pressure of 0.5, 1.5 and 2.5 bar and are given in Fig. 13 . The gas permeability coefficients of all the mixtures are within the same order of magnitude and the error bars indicate the standard deviations on the individual values. Regardless of the inlet pressure, results indicated that all mixtures containing nS (M1, M2, M3 and M4) showed lower gas permeability coefficients in comparison with M0 samples. The addition of nS to the mixture blends led to a decrease in gas permeability coefficient up to 7.5%, 24.2%, 31.9% and 25.7% for M1, M2, M3 and M4 specimens, respectively. The maximum standard deviation measured for the individual values reached 0.18 Â 10 À19 m 2 . It has been found that the penetration of the gas mainly depends on the open porosity of the cement paste, the aggregates and the proportion of these two components in the mixtures [47] , and with a higher porosity, gases can penetrate the concrete more easily [48] .
The obtained results in this study revealed a strong relation between porosity of concrete specimens and the gas permeability coefficient. This relation has also been found for self-compacting concrete and high-volume fly ash concrete [48] [49] .
The results proved that the refinement of the pore structure of concrete was a key issue to improve the characteristics of concrete samples. In fact, most aspects of concrete durability are directly Fig. 13 . Gas Permeability coefficient of specimens.
related with its porous structure, since capillary pores are responsible for fluids' migration in the concrete matrix. Therefore, as the value of capillary pores decreases, the resistance to aggressive environments improves significantly.
Conclusions
The experimental study herein described was conducted aiming to evaluate the pozzolanic behavior of nS and its effect on the microstructure of UHPC, as well as on its mechanical and transport properties. The following conclusions are highlighted:
(1) The incorporation of nS into cement paste with very low water/cement ratio can increase the amount of hydration products and thus it can cause a significant reduction in the amount of portlandite. It can be stated that nS with higher specific surface areas have higher rate of pozzolanic reactivity than SF, at early ages. TGA results revealed that nS consume much more Ca(OH) 2 as compared to SF. (2) The addition of nS to the mixtures reduces the spread on flow table. The water demand in the mixtures also increases remarkably depending on the percentage of replacement. The highest amount of nS that can be incorporated keeping an acceptable range of slump flow is 3 wt.%. (3) Compressive strength of UHPC mixtures increased with the increase in nS content, especially at early ages. The optimum amount of cement replacement by nS in cement paste to achieve the highest compressive strength was 3 wt.%. It was found that the proper dispersion of nS is a critical parameter to facilitate the incorporation of higher percentages into the cement pastes. (4) The matrix phase of UHPC containing nS is significantly denser and more homogeneous than that of the reference mixture. MIP measurements revealed that the pore structure of UHPC can be effectively refined by adding nS. The addition of nS particles leads to a reduction in capillary pores and to a refinement of the pore structure. The SEM observation on the cement paste matrix, containing nS, revealed that the extreme fine particles of nS act not only as a filler, but also as an effective pozzolanic material, since these react with Ca(OH) 2 crystals, leading to an improvement in the pore structure. It was also concluded that the inclusion of nS can also efficiently improve the microstructure of the interfacial transition zone (ITZ) between the aggregates and the binding paste. (5) Adding nS to cement paste mixtures results in lower water absorption and sorptivity, when compared to the reference concrete, which indicates that there is a lower number of capillary pores connections when additional hydration products are present, due to the pozzolanic reactivity of nS. The addition of nS is also considered to enhance the gas permeability resistance of UHPC. Porosity is identified as a key factor, which can govern the transport properties of UHPC.
